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The magnetic interactions in Ni-doped ZnO are calculated using GGA and GGA + U method of density functional theory. The fol-
lowing three cases: (i) Ni-doped ZnO, (ii) (Ni, Al)-codoped ZnO, and (iii) (Ni, Li)-codoped ZnO are studied. The ferromagnetic ordering
is always favorable for the three cases within GGA method. However, the ferromagnetic state is sometimes favorable after treating
within the method of GGA + U. The GGA underestimates the correlated interactions especially when the Ni ions align directly to each
other.
 2007 Elsevier B.V. All rights reserved.
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Diluted magnetic semiconductors (DMSs) are formed
by the partial substitution of the cations of the host semi-
conductors with a small amount of magnetic transition-
metal (TM) ions. With charge and spin degrees of freedom
in a single substance, DMSs have attracted a great deal of
attention in recent years as potential materials for use in
the emerging ﬁeld of ‘‘spintronics” [1]. For room tempera-
ture (RT) ferromagnetism, ZnO and GaN as host materials
were predicted to be promising [2]. This has stimulated
numerous experimental groups to grow RT ferromagnetic
ZnO semiconductors doped with transition metals [3–5].
Regarding the magnetic properties of the Ni-doped ZnO,0927-0256/$ - see front matter  2007 Elsevier B.V. All rights reserved.
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Ni-doped ZnO ﬁlms with the Ni content range from 3 to
25 at.% were ﬁrst fabricated by pulsed laser deposition
method on sapphire (0001) substrates and they exhibited
ferromagnetic behavior at 2 K [6]. Ferromagnetism with
TC > 350 K was observed by Radovanovic and Gamelin
in the DMS Ni2+:ZnO synthesized from solution. Colloidal
Ni2+:ZnO nanocrystals are paramagnetic, while their
aggregation gives rise to robust ferromagnetism [7]. Ueda
et al. found no indication of ferromagnetism for ﬁlms
grown by PLD technique [8]. Ni2+:ZnO nanocrystals were
found to have robust ferromagnetism with TC above 350 K
[9], while only paramagnetism was detected by Yin et al. in
Zn0.86Ni0.14O down to 5 K [10]. Recently, the Ni-doped
ZnO and (Ni, Al)-codoped ZnO powders have been synthe-
sized from an auto-combustion method by our group [11].
Results showed that all powder samples possessed
ferromagnetism at RT. In this letter, a computational study
Table 1
Summary of energy diﬀerences (DE = EAFM  EFM) for conﬁguration 1 of
Ni-doped ZnO using diﬀerent values of U and J within the GGA + U
method
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general picture to understand the origin of the
ferromagnetism.DE (meV) U (eV)
4.0 4.5 5.0 5.5 6.0
J (eV) 0.5 34.30 31.66 33.58 23.04 16.52
1.0 86.80 43.43 55.11 63.74 26.09
1.5 79.30 47.68 34.30 55.11 63.742. Computational method
The total energy and electronic structure calculations
were performed using the projector augmented wave [12]
(PAW) formalism of density functional theory as imple-
mented in the Vienna ab initio simulation package [13].
The VASP PAW_GGA potentials with 12 valence elec-
trons for Zn (3d104s2), 6 for O (2s22p4), 10 for Ni
(3d84s2), 3 for Al (3s23p1), and 1 for Li (2s12p0) were
employed. A periodic 2  2  2 Wurtzite supercell of
ZnO with 32 atoms was used as calculation unit, as shown
in Fig. 1a. As for the Ni-doped ZnO, two Zn atoms were
replaced with two Ni atoms obtaining a dopant concentra-
tion of 12.5% and eight diﬀerent pairs of TM atoms. One
Ni atom was ﬁxed at the position of 0, while another Ni
atom located at a certain position from 1 to 8. For each
conﬁguration, the energies of ferromagnetic (FM) and anti-
ferromagnetic (AFM) orderings were both calculated. The
energy diﬀerence between FM and AFM orderings per
supercell, DE = EAFM  EFM, is used as an indicator of
the magnetic stability (a positive DE means that FM order-
ing is more stable than AFM ordering). Equating DE with
the thermal energy KBT (DE = KBT) suggests that RT fer-
romagnetism should be achieved when DE is larger than
26 meV. The wave functions were expanded in plane
waves to a cutoﬀ of 400 eV. A 5  5  3 gamma-centered
k-point grid and the tetrahedron method with Blo¨chl cor-
rections for the Brillouin zone integrations were used here.
The most stable AFM conﬁguration of Ni-doped ZnO was
used for the codoped calculations. Both the generalized
gradient approximation (GGA) [14] and the fully localized
limit of the GGA + U [15] method were approximated forFig. 1. (a) Wurtzite supercell of ZnO with two Ni ions, one labeled with 0 and
shaded spheres are the Zn and O ions, respectively. (b) GGA and GGA + U ene
substitutional site of Zn with another Ni ion (labeled from 1 to 8). The negative
interpretation of the references to colour in this ﬁgure legend, the reader is rethe exchange-correlation functional. The GGA + U
method adds the on-site d–d Coulomb interaction, U,
and the on-site exchange, J, to the GGA Hamiltonian.
For all conﬁgurations, the volume of the supercell are ﬁxed
to the experimental volume (a = 6.40 A˚ and c = 10.37 A˚)
and all the internal coordinates are relaxed until the Hell-
mann–Feynman forces are less than 103 eV/A˚. The energy
diﬀerences for conﬁguration 1 of Ni-doped ZnO have been
calculated using diﬀerent U (U = 4.0, 4.5, 5.0, 5.5, and
6.0 eV) and J (J = 0.5, 1.0, and 1.5 eV). As shown in Table
1, the AFM ordering was always more stable than FM.
Therefore, the typical values of U = 4.5 eV and
J = 0.5 eV on Ni ions [16] are used in this letter.3. Results and discussion
Fig. 1b shows the calculated magnetic energy diﬀerences
(EAFM  EFM) for all the eight types of Ni pairs within
GGA and GGA + U method. First, the energy diﬀerences
calculated within GGA and GGA + U are quite diﬀerent.
Except for the conﬁgurations 3 and 4, the energy diﬀerences
for GGA are bigger than that for GGA + U. In contrary to
FM ground states obtained from GGA method, AFM is
more favorable for the conﬁgurations 1 and 2 when calcu-
lated within the GGA + U method. It can be attributed to
the strongly correlated interactions between two Ni ionsanother labeled from 1 to 8. The large blue-shaded spheres and small red-
rgy diﬀerences (DE = EAFM  EFM) for Ni-doped ZnO as a function of the
energy diﬀerence indicates that the AFM ordering is more favorable. (For
ferred to the web version of this article.)
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GGA + Umethod can obtain a similar trend for conﬁgura-
tions 3–8 where the two Ni ions are not so strongly corre-
lated. Therefore, GGA may yield incorrect behavior for
strongly correlated magnetic systems. In the following dis-
cussions, we will focus on the GGA + U results while
GGA may be shown as a comparison. The GGA + U
results are sensitive to the distance between two Ni atoms.
The sensitivity in magnetic ordering can be attributed to a
competition between AFM superexchange interaction
(favored by 180 bond angles), FM superexchange interac-
tion (favored by 90 Ni–O–Ni bond angles), and AFM
direct exchange interaction (favored by short Ni–Ni dis-
tances) [17–19]. AFM direct exchange is more favorable
for conﬁgurations 1 and 2, where Ni and Ni align directly
to each other. Due to the 180 bond angle of Ni(0)–O–
Ni(3), the FM state is still not favored for conﬁguration
3. However, the Ni–O–Ni bond angles for conﬁgurations
4–8 are much closed to 90, e.g., the bond angle for
Ni(0)–O–Ni(5) is 108.17. Therefore, GGA + U calcula-
tions suggest that FM ground states are strongly favored
for conﬁgurations 4–8. And both the total energies of
ferromagnetic and antiferromagnetic orderings are smaller
for conﬁgurations 4–8 than those of conﬁgurations 1–3.
In other words, conﬁgurations 4–8 are more stable than
conﬁgurations 1–3. The total energies of ferromagnetic order-
ings and antiferromagnetic orderings are 143.00980 and
142.97487, 143.09730 and 143.00038, 143.09770
and 142.99878, 143.09107 and 142.98923,143.09254
and142.97937 eV for conﬁgurations 4, 5, 6, 7, and 8, respec-
tively. From above discussions, conﬁguration 6 is the most sta-
ble one.
In order to explain the mechanism underlying, the calcu-
lated total densities of states (DOS) and Ni-d projected
local densities of states (PDOS) for Ni-doped ZnO will
be discussed. In all conﬁgurations the DOS for FM order-Fig. 2. DOS and PDOS of FM states for Ni-doped ZnO with the Ni
atoms in diﬀerent conﬁgurations calculated within the GGA + U. the
black-shaded regions show the Ni-d states and the white regions show the
total DOS. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)ing within GGA + U is only shown here (Fig. 2). The
black-shaded regions represent the 3d states of the Ni while
the total DOS is represented by the white region. The
majority spin (up-spin) states are plotted along the positive
y direction, and the minority spin (down-spin) states are
plotted along the negative y direction. The energies are
shown relative to the Fermi level (E  Ef). In all conﬁgura-
tions, the Ni-d up-spin states located in the valence band
while parts of the down-spin states may hybridize with
the bottom of the conduction band. The Fermi level of
all the calculated DOS line close to the valence band, which
is similar to the theoretical results reported elsewhere
[16,20,21]. In other words, the calculated DOS within
GGA + U show insulating behavior and the Ni-d states
hybridize strongly with the O-2p states for all conﬁgura-
tions. The energy of the Ni-d states located in the valence
band move closer to the Fermi level or the top of the
valence band across the conﬁgurations (from 1 to 8). For
conﬁgurations 4–8, partially ﬁlled Ni-d state will allow
electron hoping from O-2p state to Ni atoms. Thus FM
superexchange interaction is more favorable for conﬁgura-
tions 4–8.
Since the predictions of high Curie temperature in
TM-doped ZnO [22–24] assumed high electron or hole
concentrations, additional dopants which might introduce
n-type or p-type carriers are included. Some experimental
[25–27] and theoretical studies [28] have suggested that Al
could provide electrons and that Li could provide holes
when doped into ZnO. Two Ni atoms were ﬁxed at the
positions of 0 and 1 (Fig. 1a) and one of the Zn atoms
was replaced by one Al or Li ion to form another series
of conﬁgurations 1–6, as shown in Fig. 3a. Similar to the
calculation methods used by Gopal et al. [16] and Zhang
et al. [29], we did not consider the polarities of the carriers
introduced by Al or Li codoping. And, in all cases the con-
centration of the Al or Li was 6.25% (one additional dop-
ant in 16 cations). GGA and GGA + U were both
calculated for Ni-doped ZnO codoped with Al or Li. The
calculated magnetic energy diﬀerences (EAFM  EFM) for
all the six types are shown in Fig. 3b and c. It is clearly
shown that GGA calculations obtained FM ground states
for all the cases. Due to the small distance between the two
Ni ions, the GGA method may overrate the magnetic inter-
actions and tend to obtain more favorable FM states.
However, only parts of the conﬁgurations have FM ground
state when calculated within GGA + U. Next the
GGA + U results will be mainly discussed. The total ener-
gies of FM orderings and AFM orderings for (Ni, Al)-cod-
oped and (Ni, Li)-codoped ZnO are summarized in
Table 2. And the energy diﬀerences are also shown here.
As shown in Table 2, conﬁguration 1 is the most stable
one among all conﬁgurations for both cases of (Ni, Al)-
codoped ZnO and (Ni, Li)-codoped ZnO. We can con-
clude that codoping Ni-doped ZnO with Al or Li tend to
form this conﬁguration. As for conﬁguration 1, the
energy diﬀerences between AFM and FM states were
203.18 and 111.88 meV (both larger than 26 meV) for
Fig. 3. (a) Wurtzite supercell of ZnO with two Ni ions and one Al/Li ion. The large blue-shaded spheres, large turquoise-shaded spheres and small red-
shaded spheres are the Zn, Ni and O ions, respectively. In the supercell two Ni ions are ﬁxed at the positions aligned along the ob axis. Al/Li ions substitute
diﬀerent Zn sites labeled from 1 to 6. (b) GGA energy diﬀerences (DE = EAFM  EFM) for Ni-doped ZnO as a function of the substitutional site of Zn with
Al/Li. (c) GGA + U energy diﬀerences (DE = EAFM  EFM) for Ni-doped ZnO as a function of the substitutional site of Zn with Li. Conﬁguration 0
denotes (ZnNi)O system without Al/Li codoping. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Table 2
Summary of total energies of FM and AFM orderings and energy diﬀerences (DE = EAFM  EFM) for diﬀerent conﬁgurations of (Ni, Al)-codoped and
(Ni, Li)-codoped ZnO within the GGA + U method
(Zn13Ni2Al)O16
1 2 3 4 5 6
EFM (eV) 148.06177 147.68809 147.44710 147.64918 147.51858 147.38283
EAFM (eV) 147.85868 147.61801 147.51688 147.55830 147.81444 147.51065
DE (meV) 203.09 70.08 69.78 90.88 295.86 127.82
(Zn13Ni2Li)O16
EFM (eV) 144.13502 144.00817 143.98970 143.91690 143.80894 143.79326
EAFM (eV) 144.02314 143.84555 143.92168 143.95074 143.75009 143.79043
DE (meV) 111.88 162.62 68.02 33.84 58.85 2.83
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tively. Therefore, codoping with Al or Li into Ni-doped
ZnO could enhance the FM orderings and yield high Curie
temperature DMS far beyond RT. Similar results have also
been reported. Magnetic mechanisms for the (Ni, Ga)-cod-
oped ZnO were evaluated by Sato et al. [30] based on the
ﬁrst-principles calculations. Results shown that additional
electrons induced by Ga codoping can stabilize the ferro-
magnetic state in Ni-doped ZnO. Meanwhile, the eﬀectsof codoping Ni-doped ZnO with Cu or Li were calculated
by Gopal et al. [16] within the LSDA + U method. It was
found that the magnetic state of Ni-doped ZnO changed
from antiferromagnetism to weak ferromagnetism after
Cu or Li codoping. We do not compare our calculation
data with experiment. Due to the present strong variety
of the experimental information on the character of the
magnetic ground state, such a comparison is not
informative.
Fig. 4. Total DOS (a), local density of Ni-d states (b) and local density of Al-p states (c) in the (Ni, Al)-codoped ZnO calculated within GGA + U; Total
DOS (d), local density of Ni-d states (e) and local density of Li-s states (f) in the (Ni, Li)-codoped ZnO calculated within GGA + U. Only ferromagnetic
states of DOS are shown here.
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the (Ni, Al)-codoped and (Ni, Li)-codoped ZnO, the DOS
for these two systems were calculated. Fig. 4 shows the
total DOS, local density of d states at the Ni site, and local
density of p states at the Al or s states at the Li site for FM
state. For (Ni, Al)-codoped ZnO, O 2p states of the host
are located around 4 eV relative to the Fermi level. At
the Fermi level we have only down-spin states, which
means that half-metallic behavior is realized here. The
hybridization between 3p states of Al and 3d up-spin states
of Ni is large. However, the exchange splitting is 4 eV,
which is larger than the band width. Hence, the down-spin
states of Ni does not mix well with the 3p states of Al and
the high spin state of Ni2+ is shaped. The free-carrier med-
iated double-exchange mechanism [31] could be employed
here to explain the stabilized ferromagnetism induced by
Al codoping. When the 3p states of Al were hybridized
with the 3d states of Ni, the doped electrons could hop into
the Ni-3d states, which participated in double-exchange
interactions and lowered the energy of the FM ordering.
The (Ni, Li)-codoped ZnO also showed the similar picture
as introduced to explain the (Ni, Al)-codoped ZnO. How-
ever, the hybridization occurred between the Ni-3d states
and Li-2s states and the doped holes can hop into the
Ni-3d states to stabilize the FM orderings.4. Conclusion
In summary, the magnetic behaviors of Ni-doped ZnO,
(Ni, Al)-codoped ZnO, and (Ni, Li)-codoped ZnO have
been studied from the ﬁrst principles calculations within
the GGA and GGA + U method. The ferromagnetic
ordering is always favorable for the three cases within the
GGA. However, the ferromagnetic state is sometimes
favorable after treating within the method of GGA + U.
The results obtained from GGA + U method were dis-
cussed in detail in this letter. The FM orderings is sensitiveto the conﬁgurations formed by pairs of Ni ions substituted
for diﬀerent Zn sites. As for Ni-doped ZnO, FM orderings
is more favorable while the distance between two Ni ions is
a little far away and the angle of Ni–O–Ni is around 90.
Incorporation of substitutional Al or Li is sometimes
favorable for ferromagnetism. Due to the minimum total
energy of FM and AFM states, both Al and Li tend to sub-
stitute the sites near Ni ions. Therefore, the FM ordering is
enhanced due to the additional electrons or holes intro-
duced by Al or Li codoping.Acknowledgements
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